Introduction
There is an increased industrial interest in the use of multivariable control techniques. They are needed to achieve improved performance of complex industrial processes [16] . Therefore, it is important to include multivariable methods in the control curriculum. Of course, true understanding and engineering skills are only obtained if these concepts are illustrated in laboratory exercises. However, few multivariable laboratory processes have been reported in the literature. Mechanical systems such as the helicopter model [ll, 1 1 and the active magnetic bearing process [19] have been developed at ETH in Zurich. Davison has developed a water tank process, where multivariable water level control and temperature-flow control can be investigated [3] . Some multivariable laboratory processes are commercially available, for example from Quanser Consulting in Canada, Educational Control Products in US., and Feedback Instruments and TecQuipment in U.K. This paper describes a new laboratory process that consists of four interconnected water tanks and two pumps. The system is shown in Figure 1 . Its inputs are the voltages to the two pumps and the outputs are the water levels in the lower two tanks. This quadruple-tank process is a simple interconnection of two double-tank processes, which are standard processes in many control laboratories [2] . The setup is thus simple, but still the process can illustrate interesting multivariable phenomena. The linearized model of the quadruple-tank process has a multivariable zero, which can be located in either the left or the right half-plane by simply changing a valve. Control performance limitations due to zero locations can be derived from complex analysis [4, 151. These illustrate fundamental restrictions on the possible choice of closed-loop system. For example, right half-plane zeros impose restrictions on the sensitivity function: if the sensitivity is forced to be small in one frequency band, it has to be large in another, possibly yielding an overall bad performance. The fundamentals for what can be achieved with linear control have also received industrial interest and application [17, In this section we derive a mathematical model for the quadruple-tank process from physical data. A schematic diagram of the quadruple-tank process is shown in Figure 2 . The target is to control the level in the lower two tanks with two pumps. The process inputs are u1 and u2 (input voltages to the pumps) and the outputs are y1 and yz (voltages from level measurement devices). Mass balances and Bernoulli's law yield The model and control of the quadruple-tank process are studied at two operating points: P-at which the system will be shown to have minimum-phase characteristics and P+ at which it will be shown to have nonminimum-phase characteristics. The operating points correspond to the following parameter values:
Multivariable zeros
Linearization of (1) gives the transfer matrix 
System Identification
The physical model derived in previous section is now compared to a model estimated using standard system identification techniques [9, 81.
Both SIMO and MIMO identification experiments were performed with PRBS signals as inputs. The levels of the PRBS signals were chosen so that the process dynamics were approximately linear.
Black-box and gray-box identification methods were tested using Matlab's System Identification Toolbox [lo] . Linear SISO, MISO, and MIMO maps were identified in ARX, ARMAX, and state-space forms. All model structures gave similar responses to validation data.
Here we only present some examples of the results. We start with a black-box approach. 
Multi-Loop Control
The control law U = diag(C1, C , } ( r -y ) is in this section applied to the real process as well as to nonlinear and linear process models. PI controllers of the form are tuned manually based on the linear physical models (2) and (3). stabilize the process, but give much slower responses than for the minimum-phase setting, see Figure 6 . Note the different time scales compared to Figure 5 . The settling time is approximately ten times longer for the nonminimum-phase setting. The control signal u2 seems to be noiseless. This is due to the low gain K2. It is no coincidence that Kz is chosen negative.
Because det G+(O) < 0, there exists no multi-loop PI controller with K1 = K2 > 0 that stabilizes the system, see Theorem 14.3-1 in [12] . Even if the controller gains are small the closed-loop system will be unstable. 
Conclusions
A new multivariable laboratory process that consists of four interconnected water tanks has been described. It was shown that the quadruple-tank process is well suited to illustrate performance limitations in multivariable control design caused by RHP zeros. This followed from that the linearized model of the process has a multivariable zero that in a direct way is connected to the physical position of two valves. Models from physical data and experimental data were derived and they were shown to have responses similar to the real process. Decentralized PI control showed that it was much more difficult to control the process in the nonminimum-phase case than in the minimumphase case. The experiments described in this paper h a v e been performed using a PC interface developed in the m a n - 
